tated transport to complexation of atrazine with dissolved organic matter (DOM) in the treated effluent.
R euse of treated effluents for irrigation has given rise
Soil temperature data in Arizona show a temperature to environmental concerns regarding their effect range in July of 43 to 52ЊC at a depth of 5 cm and 38 on transport of surface-applied pesticides. Solution to 42ЊC at a depth of 10 cm (National Climatic Data characteristics that may affect pesticide transport inCenter, Environmental Research Laboratories, and the clude pH, electrolyte composition, and the presence of National Weather Service, 1995). These observations dissolved organic matter (DOM). For weakly basic pestsuggest that soil temperature could be more than 60ЊC icides, solution pH may affect pesticide speciation, and at the soil surface and that soil may repeatedly cycle thus sorption by soil. Solution pH and electrolyte comthrough extremely hyperthermal conditions throughout position may cause soil dispersion, thus affecting pore the summer season. velocities and residence times. Seol and Lee (2000) demGiven the intermittent nature of natural precipitation onstrated that effluent-induced changes in soil-solution and agricultural irrigation, the application of informapH could reduce sorption of weak organic bases such tion on pesticide sorption and transport obtained under as atrazine and prometryn, thus increasing mobility. In saturated equilibrium or steady-state conditions is limthe latter case, the relative potential for enhanced moited in its application to understanding the potential bility is a function of the pesticide's pK a and the soil effects of treated effluent irrigation. Investigations unand effluent pH and buffer capacity.
der unsaturated and nonsteady-state conditions that inThe potential for pesticides to complex with DOM clude the coupled effects of drying and wetting events may also lead to the enhanced mobility of pesticides are essential to a better understanding of the potential under effluent irrigation. In a field study on the transeffect of irrigation with treated effluent relative to clean port and fate of atrazine, Graber et al. (1995) demonwater. The overall objective of this study was to assess strated that atrazine penetrated to a much greater depth the effect of effluent irrigation on triazine transport in in the effluent-irrigated soil profiles relative to the fields irrigated with high-quality water. They attributed facili- Lagoon effluent was collected from the last lagoon in a † Unit of concentration is mM unless given.
three-lagoon system used as a biological treatment process for swine (Sus scrofa ) production wastes at the Baker Farm was placed to prevent soil from passing through the glass wool. (a Purdue University Animal Science Research Center in West
The sand had been thoroughly washed with methanol, 0.1 M Lafayette, IN) where the lagoon effluent is often applied to HCl, and deionized water. Soils were wetted to approximately nearby croplands. The collected raw effluent was centrifuged 75% of water saturation at field capacity with 0.005 M CaCl 2 at 4000 rpm for 4 h, and filtered with 0.2-m membrane filters solution before being packed in columns. Wet packing aids in (Supor-200; Gelman, Ann Arbor, MI) to exclude all the susmore uniform packing, and minimizes overpacking. Soil was pended materials. The lagoon effluent (SW) was then analyzed placed in the column in small fractions and gently packed for dissolved organic carbon (DOC), inorganic carbon (IC), after each addition with a rubber stopper of similar diameter pH, and element composition (Table 2) . Carbon content was as the column. The top surface of each soil layer was slightly analyzed with a Shimadzu (Kyoto, Japan) 5000A total organic stirred before packing the next fraction to minimize stratificacarbon analyzer.
tion. Each column was packed to a clean soil bed height of Based on the measured chemical properties of the lagoon approximately 7 cm. For each soil, 12 columns were prepared effluent, a simulated buffer solution (SB) was prepared that to accommodate leaching of two pesticides by three different represented the pH and elemental composition of the lagoon solutions with two drying temperatures. For leaching of proeffluent but with no DOM. The use of a simulated buffer metryn through the Bloomfield soil, six additional columns solution helps to differentiate the role of DOM from other were prepared for replication with each of the three influent effluent properties that may have an influence. A 0.005 M solutions. A 1-cm layer of pesticide-contaminated soil was placed CaCl 2 solution (CC) was used for simulation of high-quality on the top of the clean soil bed. The pesticide-contaminated water irrigation.
soil was prepared by mixing a methanol solution containing the selected pesticide with air-dried soil to give soil pesticide Soils concentrations of 6.5 to 8.2 mg/kg and 7.6 to 8.3 mg/kg for Soil samples for this study consisted of one sandy loam, atrazine and prometryn, respectively. The concentrations were Bloomfield (sandy, mixed, mesic Lamellic Hapludalf), and selected based on recommended application rates of the active two silt loams, Toronto (fine-silty, mixed, superactive, mesic ingredient reported by Beste (1983) (atrazine: 7.6-15.2 mg/kg Udollic Epiaqualf) and Drummer (fine-silty, mixed, superacsoil; prometryn: 4.5-10.5 mg/kg soil). Pesticide-contaminated tive, mesic Typic Endoaquoll). They were collected from Ap soils were air-dried for 2 d at room temperature (22 Ϯ 1ЊC) horizons, air-dried, and passed through a 2-mm sieve. Soil to evaporate the methanol prior to packing. Soils were then characteristics are listed in Table 3 for pH, cation exchange wetted with a 0.005 M CaCl 2 solution similar to the clean soil capacity, particle size analysis, and organic matter content.
and placed in the columns on top of the clean bed, followed by another 1-cm layer of sand to facilitate uniform flow. Columns
Column Preparation
were weighed empty and after each packing step. Columns were packed to ensure that for each designated layer (clean, Open-top glass columns (3.5 cm i.d. ϫ 15 cm long) were used pesticide-impregnated, and sand) the soil mass and resulting to conduct leaching studies. The bottom end of the columns height was the same for that layer across columns packed tapered into a 0.5-cm-i.d. tube. The end funnel was filled with the same soil. Ranges in bulk density, porosity, and pore with glass wool, which had been washed with methanol and volume resulting from the column packing of each soil type deionized water to remove any contamination. To support the soil bedding on top of the glass wool, a 1-cm-thick sand layer are summarized in Table 4 . All columns were covered with 
Pesticide Displacement Experiments
alized and any pesticide remaining was due to an inefficient Experimental conditions were chosen to simulate the upextraction by methanol or irreversible binding or transformapermost layer of the soil profile (ca. 10 cm), which is where tion of the parent compound. Measured atrazine concentrapesticide is initially applied and soil is most susceptible to tions in the methanol extracts of the soil column increments evapotranspiration. Soil columns were subjected to wetting were corrected for extraction efficiency using the values estiand drying cycles. The first wetting event consisted of an mated from the saturated batch studies. Note that the extracapplication of approximately 0.75 pore volumes of solution, tion efficiencies employed do not account for any additional which did not result in any leachate. The pore volume of irreversible binding processes that may have occurred in soils each column (the volume of space not occupied by soil) was subjected to elevated temperatures. estimated using column bulk density and assuming a particle density of 2.75 g/cm 3 for the Bloomfield soil and 2.6 g/cm 3 for
RESULTS AND DISCUSSION
the other two soils. One set of columns was dried in a oven by slowly increasing temperature to 60 Ϯ 5ЊC for 12 h followed Soil was removed from columns in 1-to 2-cm increments. solutions, but under saturated conditions (Seol, 1998 (Seol, 1998) . Mass recovery was capacity (CEC), and has a pH much greater than the pK a of either pesticide. At pH ϾϾ pK a , organic bases highest in columns where most of the pesticide mass was recovered in the leachate during the earlier wetting such as atrazine and prometryn exist as neutral species where the primary sorption domain is organic carbon events, thus a smaller amount of pesticide was available for volatilization during subsequent drying events. (Talbert and Fletchall, 1965; Weber et al., 1969) . At pH Յ pK a , a substantial amount of the pesticide can exist as Further assessment of the effect of solution types and drying treatments can be gleaned from the trends in the a cation and undergo cation exchange. Prometryn compared with atrazine is more hydrophobic (greater log pesticide leaching profiles (M L /M I versus pore volume) and post-leaching column distributions (M C /M I versus K ow ) and more basic (greater pK a ), and thus has a higher affinity to organic matter and a higher chance of existing soil column depth). Atrazine leaching profiles from all columns subjected to low-temperature drying cycles as as a cation and undergoing cation exchange compared with atrazine, respectively (Weber, 1966; Weber et al., well as from the Bloomfield soil columns subjected to high-temperature drying are shown in Fig. 1 . Prometryn 1969). Consistent with these differences in the chemical properties of atrazine and prometryn, lower percentages leaching profiles from the Bloomfield soil columns for both temperature treatments are shown in Fig. 2 . Very of prometryn were consistently recovered in column leachate compared with atrazine for similar soil columnlittle to no leaching of prometryn was observed in the Toronto and Drummer soil columns (Table 5) . Residual influent combinations. The pesticide mass recovered in the column leachate tended to be greater under applicaatrazine and prometryn distributions in Drummer and Toronto soil columns for both drying temperatures are tion of SB or SW solutions for both pesticides relative to what was observed with CC for the soil columns shown in Fig. 3 and 4, respectively. Atrazine leaching profiles with all solutions for both subjected to a low-temperature treatment. Similar trends were not observed from the columns subjected to drying temperatures are similar for the Bloomfield columns ( Fig. 1A and 1B) . For Toronto and Drummer soil high temperatures.
The total amount of pesticide recovered relative to columns subjected to low-temperature drying, atrazine leaching with respect to influent type is as follows: SW Ͼ what was applied varied from 26 to 110% (Table 5) and was a function of the influent solution type and drying SB Ͼ CC ( Fig. 1C and 1D ). For the same soil types under high-temperature drying, the amount of atrazine temperature. Total pesticide recovery was lower in the high-temperature treatment, most likely due to larger measured in each column effluent fraction was less than 3% of the total atrazine mass, with no observable patvolatilization losses. Loss due to mineralization is also tern (not shown). For prometryn in the Bloomfield soil columns (Fig. 2) , SW and SB resulted in substantially more pesticide leaching relative to CC under both highand low-temperature drying cycles. Post-leaching pesticide distributions in the soil columns subjected to either low-or high-temperature drying events followed similar trends for both triazines, with SW solutions generally mobilizing more pesticide further down the column than either SB or CC solutions ( Fig. 3 and 4) . The exception to this trend was with the atrazine-Bloomfield soil columns, where little difference was observed (not shown). Effects of solution type were generally more pronounced for prometryn in all cases. Pesticide transport may be affected by the pH and electrolyte composition of the influent, and the presence of DOM. Influent-induced changes in soil pH may affect pesticide speciation, and changes in pH and electrolyte composition may cause soil dispersion, thus affecting influent flow and residence times. Increase in soil pH may increase the dissolution of soil organic matter (SOM). Both SOM dissolution and soil dispersion may be further enhanced with wetting and drying events. Application of both SW and SB solutions resulted in substantial changes in leachate pH, DOC, and IC. Trends in these leachate parameters between solution type and drying temperature were similar for all soilpesticide combinations. Representative leachate pro- azine transport follows. 
Solution pH
ever, infiltration of SB through the columns after a drying event resulted in much higher DOC concentrations Application of SB and SW resulted in increases in than CC infiltration. The SW influent already contained soil-solution pH relative to CC as exemplified in Table  approximately 150 mg DOC/L, but initial wetting with 6, with pH of 1 g to 1 mL slurries of each soil-solution SW after a drying event resulted in DOC concentrations combination and of the leachate from the last leaching higher than the initial influent DOC concentrations. The event for the columns subjected to low-temperature elevation in DOC concentrations between influent and (22ЊC) drying. The SW solution increased solution pH initial column leachate was comparable for the SB and more than SB in all three soils, indicating that SW had SW, demonstrating the role of pH and electrolyte coma higher buffer capacity than either SB or CC. Changes position in SOM dissolution. Upon further infiltration in leachate pH during each leaching event for Bloomafter a drying event, DOC concentrations in the SW colfield columns are shown in Fig. 5 for both temperature umn leachate returned to concentrations that were simitreatments. The pH increased almost 1 pH unit in the lar to or less than the initial SW influent concentration. first 1.5 pore volumes of SB and SW, whereas pH with For SB column leachate, DOC concentrations decreased CC ranged between 6.2 and 6.4 over the course of the with infiltration, but still remained elevated over initial entire experiment. Similar trends of increasing pH were SB influent concentrations. Both Williams et al. (2000) observed in Toronto and Drummer columns, although and Nelson et al. (2000) observed DOM-facilitated increases were less significant. transport of napropamide during the initial wetting event For weakly basic pesticides such as triazines, a change in laboratory-packed soil columns. In steady-state satuin soil-solution pH due to the application of high-pH rated column studies where soils were water-saturated effluents may result in speciation changes, and thus inprior to addition of the pesticide followed by application fluence pesticide adsorption. At a low pH, a basic pestiof the pesticide dissolved in various influents, effluent cide would be protonated, forming a cation, resulting DOM-enhanced triazine transport was not observed. in cation exchange being a significant adsorption mechaThese results suggest that during the initial wetting nism. As pH increases, resulting in the neutral species phase, soil organic matter (SOM) containing sorbed of the pesticide becoming dominant, other adsorption pesticide is solubilized followed by rapid mobilization mechanisms such as hydrogen bonding, van der Waals before equilibrium can be attained. forces, and hydrophobic interactions would govern. The magnitudes of sorption by the latter mechanisms are Leachate Flow Rates small relative to cation exchange. As a result, as pH increases, adsorption of weakly basic pesticides would
The range in flow rates averaged across the six samdecrease. The soils in this study have pH values between ples taken for each wetting period for a given soil-4.2 and 6.1 (Table 3) ; therefore, prometryn with a pK a ϭ solution combination (three each from the atrazine-and 4.05 and the lower-pH Toronto soil would be the pestiprometryn-contaminated columns) is summarized in cide-soil combination with the highest sensitivity to in- Table 7 . The SW and SB solutions were observed to fluent-induced pH changes. The latter is clearly obreduce leachate flow rates for all soil types relative to served when comparing the post-column leaching CC, which was used to represent high-quality irrigation profiles of prometryn from the Toronto and Drummer water. High pH and high exchangeable monovalent catsoils (Fig. 4) , which have similar properties with the ion concentration relative to multivalence cations can exception of pH. Similar trends were observed in saturesult in the dispersion and transport of soil colloids rated batch adsorption-desorption studies (Seol, 1998) .
(SOM and silicate clay) from the soil (McBride, 1994) . Both organic matter and inorganic carbon (IC) constit-
Dissolved Organic Matter
uents were observed to be mobilized in leaching events following drying events (Fig. 5) , with IC being substanAs exemplified in Fig. 5 , DOM measured on a carbon tially greater when SW was the infiltrating solution. basis (DOC) was highest in the first leachate fractions Although SB was designed to simulate the electrolyte collected after a wetting event of any solution, with the elevation in DOC concentrations being large after a high-temperature drying event. The SW influent con- SB influent had only a few mg/L DOC ( Precipitation was greater for high-temperature in the preparation of the SB matrix, which is most likely a major reason why the electrical conductivity (EC) of drying because of the higher water evaporation. A reduction in flow rate was also more significant in the SW is much higher than that of the SB (Table 2) . According to monitoring results of the swine waste-derived columns treated with the high-temperature drying cycles, which is hypothesized to result from migrating collagoon, NH ϩ 4 concentrations averaged more than 300 mg/L (Reaves, 1985) , which will contribute to the potenloids dispersed from the soil surface and carbonate precipitation. The leachate from the latter was very brown tial for soil dispersion. Dispersed soil colloids may block microscopic pores, resulting in a reduction in flow rate.
and suspended particles in the leachate were visually observed, which lends support to this hypothesis. Retarded flow would extend the residence time of pore water with adsorbed pesticides, allowing more time for Unlike low-temperature drying, effects of high-temperature drying on the mobility enhancements with SB desorption, which could result in increased pesticide concentrations in pore water if desorption processes and SW varied with soil type. In the Bloomfield columns, high-temperature drying enhanced prometryn are rate-limited (Gilchrist et al., 1993; Wauchope and Myers, 1985) . mobility (Fig. 2) . On the contrary, high-temperature drying reduced movement of both pesticides in the ToGiven the inverse correlation between desorption kinetics and sorption equilibrium (Brusseau and Rao, ronto and Drummer soil columns relative to low-temperature drying (Fig. 3 and 4) . As drying takes place 1989), the greatest effect on pore-water pesticide concentrations would be expected for the system where and capillary forces cause pore water to rise, pesticides in the pore water also move upward. A sandy soil has pesticide sorption was the greatest, and likewise, the least effect noted for the system where sorption was larger pore sizes, lower capillary rise forces, and greater infiltration rates relative to silty clay loams; therefore, the smallest. Differentiating influent-induced effects on upward movement of water would be less pronounced. pore-water residence times from pesticide speciation Upward movement of pesticides with the pore water and DOM release is difficult. However, comparison bealso enhances the potential for volatilization losses, estween the atrazine-Bloomfield and atrazine-Drummer pecially at higher drying temperatures. systems may provide insight. In these systems, where the initial soil pH is much greater than the pK a of atrazine, speciation effects are expected to be minimal. The soil-
SUMMARY
water distribution coefficient of atrazine is seven times greater on the Drummer soil relative to the Bloomfield The physical and chemical parameters controlling the soil. Flow rates were reduced by approximately a factor movement of atrazine and prometryn in columns infiltrated with treated effluent under unsaturated transient of two in the Bloomfield columns; however, enhanced conditions and subjected to repeated wetting and drying atrazine mobility was not observed (Fig. 1) , suggesting events were investigated. Several parameters were monthat near equilibrium was already attained at the higher itored, including the pesticide concentrations, pH, flow rates. On the other hand, for the atrazine-DOM, and IC in the column leachate as well as leachate Drummer system, enhanced transport of atrazine was flow rates. The high pH and buffer capacity of the effluobserved ( Fig. 3C and 3D) . Also, compared with the ent did induce increases in soil-solution pH, which reDrummer soil columns, the potential for effluent-borne sulted in speciation changes, and thus influenced pestiand effluent-induced DOM to facilitate transport was cide mobility in some pesticide-soil combinations. greater in the Bloomfield soil columns, where elevation Prometryn, with a pK a ϭ 4.05, showed highest sensitivity of DOC concentrations was greater. However, atrazine to pH changes, and thus the greatest pH-related effect mobility was enhanced with treated effluent infiltration on enhanced movement in all three soils. The low pK a in the Drummer but not the Bloomfield soil columns, for atrazine (1.66) resulted in a pH-related effect being suggesting that effluent-induced decreases in leachate feasible for only the lowest-pH soil. Dissolution of soil flow rates resulting in increased residence times can organic matter was enhanced upon application of SW contribute to enhanced pesticide transport.
and SB, with DOC concentrations being highest during the early wetting phase. The enhanced release of SOM
High-Temperature Drying
did appear to increase the downward movement of High-temperature drying at 60ЊC simulated not only sorbed pesticides. Carbonate precipitation during drythe long periods of air-drying between wetting events ing events after application of SW and SB solutions but also the hyperthermal climatic conditions common and particle dispersion during SW and SB infiltration to arid regions. As previously mentioned, leachate pH resulted in a reduction in leachate flow rate, thus inand DOC concentrations after the high-temperature creasing desorption time, which contributed to endrying cycles increased more than observed for the colhanced pesticide movement. For pesticide-soil systems umns subjected to the lower-temperature drying cycles.
where the pH-pK a combination was sensitive to speciaDissolved organic C was concentrated in the highertion changes, the reduction in flow rates intensified the temperature drying cycle due to high water evaporation, potential for enhanced pesticide transport. High-temwhich had the greatest effect with DOC-containing SW perature drying resulted in greater reductions in leasolutions. Inorganic carbon decreased significantly after chate flow rates and greater dissolution of soil organic matter relative to low-temperature drying, with the each drying cycle due to carbonate precipitation, fol- 
